Vaccinia Virus DNA Polymerase Promotes DNA Pairing and Strand-Transfer Reactions  by Willer, David O. et al.
t
h
(
r
t
(
f
p
b
i
a
n
r
l
a
D
n
a
r
p
p
N
O
2
Virology 257, 511–523 (1999)
Article ID viro.1999.9705, available online at http://www.idealibrary.com onVaccinia Virus DNA Polymerase Promotes DNA Pairing and Strand-Transfer Reactions
David O. Willer, Melissa J. Mann, Wandong Zhang,1 and David H. Evans2
Department of Molecular Biology and Genetics, The University of Guelph, Guelph, Ontario N1G 2W1, Canada
Received December 8, 1998; returned to author for revision January 22, 1999; accepted March 12, 1999
Vaccinia virus infection results in the synthesis of a protein that promotes joint molecule formation and strand-transfer
reactions in vitro. We show here that this activity is also expressed by vaccinia DNA polymerase (gpE9L). Recombinant
vaccinia polymerase was produced using a hybrid vaccinia/T7 expression system and purified to homogeneity. This protein
catalyzed joint molecule formation and strand transfer in vitro in reactions containing single-stranded circular and linear
duplex DNAs. The reaction required homologous substrates and magnesium ions and was stimulated by DNA aggregating
agents such as spermidine HCl and Escherichia coli single-strand DNA binding protein. There was no requirement for a
nucleoside triphosphate cofactor. The reaction ceased when ;20% of the double-stranded substrate had been incorporated
into joint molecules and required stoichiometric quantities of DNA polymerase (0.5–1 molecules of polymerase per
double-stranded DNA end). Electron microscopy showed that the joint molecules formed during these reactions contained
displaced strands and thus represented the products of a strand-exchange reaction. We also reexamined the link between
replication and recombination using a luciferase-based transfection assay and cells infected with DNA polymerase Cts42
mutant viruses. These data substantiate the claim that there exists an inextricable link between replication and recombination
in poxvirus-infected cells. Together, these biochemical and genetic data suggest a way of linking poxviral DNA replication
with genetic recombination. © 1999 Academic Press1
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Replicating poxviral genomes, as well as the DNAs
ransfected into virus-infected cells, are subjected to very
igh frequencies of homologous genetic recombination
Ball, 1987; Evans et al., 1988; Spyropoulos et al., 1988;
eviewed in Condit and Niles, 1990). This accounts for
he loss of genetic linkage over short physical distances
Fathi et al., 1991; Parks and Evans, 1991) and greatly
acilitates the construction of recombinant viruses. Why
oxviruses (and indeed many other DNA viruses) should
e subject to such high frequencies of recombination is
mperfectly understood, although bacteriophage like T4
nd lambda provide clues as to the origin of this phe-
omenon (Stahl, 1979). These studies have shown that
ecombination is an integral aspect of phage DNA rep-
ication with more and more recombinants accumulating
s chromosomes are subjected to multiple rounds of
NA replication. Recombinants are usually formed in a
onreciprocal manner and arise because the broken
nd/or gapped DNAs sometimes produced during DNA
eplication are excellent substrates for the phage or host
roteins, such as lambda beta, T4 UvsX, and E. coli RecA
roteins, which promote DNA pairing (McEntee et al.,
1 Present address: Institute for Biological Sciences, Building M-54,
ational Research Council of Canada, Montreal Road Campus, Ottawa,
ntario K1A 0R6, Canada.
2 To whom reprint requests should be addressed. Fax: (519) 837-
075. E-mail: dhevans@uoguelph.ca.511979; Yonesaki and Minagawa, 1985; Muniyappa and
adding, 1986). An obligate link between recombination
nd replication is also forged if strand invasion reactions
re employed to prime DNA synthesis as seen in T4-
nfected cells (Mosig, 1994).
Although several poxviruses have now been com-
letely sequenced, homology searches have never de-
ected orthologs of recombinases like the b and UvsX
roteins. Thus while poxviral and phage recombination
eactions resemble each other in many ways, the pro-
eins catalyzing these reactions either share no common
ncestry with known recombinases or are host-encoded.
he latter possibility seems unlikely because studies
ith enucleated cells have shown that the large poxviral
enomes encode a sufficient complement of genes to at
east replicate autonomously of host nuclear gene prod-
cts (reviewed by Traktman, 1990). Moreover DNA2, tem-
erature-sensitive alleles of the vaccinia virus B1, D5,
nd E9 genes create recombination defects (Merchlin-
ky, 1989; Colinas et al., 1990; Evans and Traktman,
992). This has long suggested that the B1-encoded
inase, D5-encoded ATPase, and E9-encoded DNA poly-
erase might play some role in recombination. What
hese functions might be is unclear.
We have previously shown that poxviral recombination
eactions initiate shortly after the onset of viral DNA
eplication and generate an abundance of heteroduplex
NA in vivo (Fisher et al., 1991). These observations
upport a T4-like reaction mechanism, in which recom-
ination can serve to prime DNA synthesis (Fisher et al.,0042-6822/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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512 WILLER ET AL.991) and/or a simple annealing mechanism in which the
omplementary DNA strands exposed by unidirectional
NA synthesis are hybridized in vivo. This would require
rotein(s) performing much the same function as herpes
implex virus ICP8 (Dutch and Lehman, 1993), E. coli
ecT (Hall and Kolodner, 1994) or lambda b protein (Li et
l., 1998). Subsequent work showed that extracts iso-
ated from vaccinia-infected cells contained an early
ene product that catalyzed an ATP-independent strand-
ransfer reaction in vitro (Zhang and Evans, 1993). The
ost highly purified fractions of vaccinia strand-
xchange protein (vSEP) contained three to five principle
olypeptides. At the time we noted that DNA polymerase
ctivity always copurified with the strand-transferase ac-
ivity and that the largest of the three protein components
xhibited a molecular weight (;110 kDa) identical to that
f vaccinia virus DNA polymerase. However, further at-
empts to fractionate trace quantities of vSEP into its
omponent parts resulted in the loss of strand-transfer
ctivity and precluded an identification of the gene en-
oding vSEP. Using a different purification scheme (Mc-
onald and Traktman, 1994), we have recently suc-
eeded in preparing a highly purified form of vaccinia
NA polymerase and can now show that this protein
lone catalyzes strand transfer in vitro. These observa-
ions support the idea that vaccinia DNA polymerase
ight serve a role in genetic recombination linked to, but
istinct from, that of DNA replication. More specifically,
hese data suggest that poxviral polymerases can pro-
ote the strand annealing and strand-transfer reactions
hat are an integral step in most recombination schemes.
RESULTS
NA polymerase mutation creates a recombination
efect
It has been reported that the Cts42 mutant allele of the
ene-encoding vaccinia DNA polymerase creates a re-
ombination defect that might be separable from an
ssociated replicative defect (Colinas et al., 1990). We
ave reinvestigated this issue using a two-gene reporter
ystem that permits an independent estimate of the
mount of DNA synthesis and the frequency of genetic
ecombination in the same transfected cells (Parks et al.,
998). Recombinant DNAs were detected by transfecting
irus-infected cells with two plasmids bearing fragments
f a firefly luciferase gene (pRP406D and pRP403D).
either substrate alone produces any detectable lucif-
rase, but recombination within 366 bp of overlapping
omology, in co-transfected cells, creates an intact gene
hose presence is signaled by luciferase production.
ecombinant frequencies were estimated by dividing the
mount of luciferase found in cells transfected with two
ene fragments with the amount produced in cells trans-
ected with an intact gene (pRP406).
Luciferase-based assays offer advantages of extremeensitivity and virtually nonexistent backgrounds (Rodri-
uez et al., 1988), which are essential if one is trying to
etect trace quantities of recombinant molecules. To
urther improve the assay, we cotransfected a b-galac-
osidase reporter plasmid (pRP7.5lacZ) into all of the
nfected cells along with pRP406D1pRP403D or pRP406.
he amount of b-galactosidase was used to normalize
he amount of luciferase detected in the same cell ex-
racts, thus compensating for interdish variations in the
mount of DNA transfected and replicated and for the
fficiency of protein expression and extraction. Controls
howed that the recombinant frequency was unaffected
y the multiplicity of infection (1–20) or quantity of trans-
ected DNA (20–150 ng/dish). The recombinant fre-
uency does increase steadily during the early stages of
nfection, but then reaches a stable plateau ;8 h p.i. This
ethod was then used to determine recombinant fre-
uencies 18 h p.i. in cells infected with Cts42 mutant
iruses, relative to those seen in wild-type infected cells
Fig. 1).
These experiments showed that a conditional muta-
ion in the DNA polymerase can affect the frequency of
enetic recombination and in two different ways. The
bsolute recombinant frequency remained fairly con-
tant from 30 to 40°C in cells infected with wild-type
FIG. 1. Effect of temperature on recombinant formation in vaccinia
irus strain Cts42-infected cells. BSC-40 cells were infected with either
ild-type or mutant viruses at room temperature and then transfected
ith plasmids encoding b-galactosidase plus either an intact (pRP406)
r overlapping fragments (pRP403D and pRP406D) of a luciferase gene.
fter incubation overnight at the indicated temperatures, b-galactosi-
ase and luciferase activities were determined in cell-free extracts and
he recombinant frequency for each virus calculated using the formula:
Rf 5
@~luciferase!pRP403D/pRP406D 4 ~b galactosidase!pRP403D/pRP406D#
~luciferase!pRP406 4 ~b galactosidase!pRP406
he plot shows the relative recombinant frequency which was calcu-
ated using the formula:
R 5
RfCts42
Rfwlldtype
3 100%
ach point reports data derived from different experiments conducted
n different days and represents an average calculated from two to four
ishes.
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513VACCINIA VIRUS DNA POLYMERASEirus (0.22 6 0.06), while a sharp drop in frequency was
een in Cts42-infected cells at nonpermissive tempera-
ures. From 30 to 39°C the mutant virus consistently
ecombined DNA at 70–80% of wild-type levels, which
hen declined sharply to a value barely statistically dif-
erent from zero (18 6 13% of wild-type levels) between
9.5 and 40°C (Fig. 1). This decline in recombinant for-
ation in Cts42-infected cells coincided with a dramatic
eduction in the amount of DNA replicated, as crudely
stimated from the amount of b-galactosidase ex-
ressed from the cotransfected pRPlacZ control plasmid.
cross most of the temperature range, Cts42-infected
ells synthesized transcribable DNA at ;70% of wild-
ype levels. At 40°, this dropped to 1.7 6 1.6% of the
uantity seen in wild-type infections.
These plasmids used a vaccinia late promoter to reg-
late luciferase expression, which meant that when mu-
ant viruses were cultured at 40°, so little transcription
ccurred in the absence of replication that the assay
eared the limits of luciferase detection. However, iden-
ical results were obtained when we repeated part of the
xperiment using plasmids encoding the luciferase gene
nder control of a vaccinia 7.5K early–late promoter.
hen Cts42-infected cells were transfected with an in-
act luciferase gene at 40°, these 7.5K plasmids still
xpressed luciferase at levels that were 10-fold greater
han background (an average of 0.170 vs 0.017 light
nits). This amount of luciferase activity declined to near
ackground levels when mutant-infected cells were
ransfected with overlapping fragments of the gene
0.029 units). (At 30°C the intact gene produced 31 units
nd the overlapping fragments 6.1 units.) Southern blots
onfirmed all these estimates of recombinant frequency
nd DNA yield. Collectively, these studies show that even
t temperatures permissive for replication, the Cts42
utant virus replicates plasmids less efficiently and ex-
ibits a minor recombination defect. This defect be-
omes a nearly complete block to recombination when
eplication is halted. However, although catalytically ac-
ive DNA polymerase is required for producing recombi-
ants in vaccinia-infected cells, the polymerase could
erform any of several roles in this process and these
enetic data cannot, alone, identify the defective step.
urification of vaccinia DNA polymerase
Attempts to purify vaccinia DNA polymerase to homo-
eneity from either wild-type virus-infected cells or as a
ecombinant from E. coli or bacculovirus-infected cells
ere unsuccessful. However, we readily purified 270 mg
f pure enzyme from 63 mg of vaccinia-infected cells
sing a hybrid vaccinia/T7 RNA polymerase system and
lones and procedures described by McDonald and
raktman (1994). Figure 2 shows the purity of the recom-
inant enzyme at different stages in its fractionation as
udged by silver staining and sodium dodecyl sulfate–olyacrylamide gel electrophoresis. Only one protein
ith a mass and enzymatic activity characteristic of vac-
inia DNA polymerase was seen in Fraction V (Fig. 2,
ane 6). The specific activity (2500 U/mg) was compara-
le to a value of 3020 U/mg reported by McDonald and
raktman (1994).
accinia DNA polymerase promotes strand transfer
Fraction V polymerase was assayed for strand-transfer
ctivity using the assay illustrated in Fig. 3A. This assay
as originally devised for the purpose of studying RecA
rotein. It detects a key early step in genetic recombina-
ion which is the transfer of DNA from a linear duplex
olecule onto a homologous single-stranded target. The
esulting joint molecules are easily detected by agarose
el electrophoresis because they migrate more slowly
han do either of the two DNA substrates. When 4 fmol of
accinia polymerase was incubated with two substrates
n a reaction containing 0.3 fmol of double-stranded DNA
nds, joint molecules were formed in a time-dependent
anner (Fig. 3B, lanes 5–11). During a 20-min reaction
eriod, ;20% of the substrates were converted to joint
olecules with a concomitant reduction in the quantity of
ingle- and double-stranded substrates. No joint mole-
ules were formed if either single- or double-stranded
NA was omitted from the reaction (Fig. 3B, lanes 2 and
) and no nucleoside triphosphate was required. The
eaction was completely inhibited by the addition of four
ideoxynucleoside triphosphates (25 mM each), suggest-
ng that if an exonuclease played a role in catalyzing this
eaction, it is the polymerase-associated 39–59 exonucle-
se rather than a nonspecific contaminating exonucle-
se which was required (data not shown). The reaction
FIG. 2. Purification of recombinant vaccinia virus DNA polymerase.
rotein fractions representing sequential steps in the purification were
pplied to a sodium dodecyl sulfate-containing 10% polyacrylamide gel,
ubjected to electrophoresis, and silver stained.
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514 WILLER ET AL.inetics were nonlinear. The reaction ceased when 20–
5% of the double-stranded substrate had been incorpo-
ated into joint molecules, and this limit was unaffected
y further additions of DNA polymerase (data not
hown). There was also evidence of a short lag at the
tart of the reaction which was not eliminated by pre-
ncubation of the substrates at the reaction temperature
rior to the addition of DNA polymerase.
oint molecule formation requires homologous DNA
ubstrates
Illegitimate recombination reactions cannot be de-
ected in vivo in poxvirus-infected cells (Ball, 1995). To
est whether this homology requirement is also observed
n our simplified in vitro recombination assay, we incu-
ated vaccinia DNA polymerase with different combina-
ions of heterologous or homologous DNA substrates
FIG. 3. Joint molecule formation promoted by vaccinia DNA polymer-
se. (A) Illustration of the principle of the assay which detects the
ormation of joint molecules composed of both single- and double-
tranded DNAs. (B) The strand-transfer kinetics and reaction require-
ents monitored by agarose gel electrophoresis and ethidium staining.
tandard reactions contained 0.5 mg Fraction V protein plus the indi-
ated components in 30 ml.nd assayed for the production of recombinant mole-
ules. The results are presented in Fig. 4 (lanes 1–4). A
eaction mix containing fX174 single- and double-
tranded DNAs yielded joint molecules with an efficiency
omparable with that seen using M13mp19 DNAs (Fig. 4,
anes 1 and 4). However, neither combination of heterol-
gous DNAs (M13mp19 single-stranded with fX174 dou-
le-stranded DNA or vice versa) produced any detect-
ble joint species (Fig. 4, lanes 2 and 3). Vaccinia DNA
olymerase can pair only homologous DNA sequences
n vitro.
We used this homology dependence to study the po-
FIG. 4. Effect of sequence homology and spermidine on joint mole-
ule formation. Standard reactions contained 0.5 mg Fraction V protein
lus the indicated components in 30 ml. These components included
13mp19 single- and double-stranded DNAs (lane 1), M13mp19
sDNA plus fX174 double-stranded DNA (lane 2), M13mp19 double-
tranded DNA plus fX174 ssDNA (lane 3), fX174 single- and double-
tranded DNAs (lane 4), and M13mp19 single- and double-stranded
NAs plus 0–10 mM spermidine (lanes 5–10). Densitometric analysis
as used to determine the yield of joint molecules in lanes 5–10 (inset).
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515VACCINIA VIRUS DNA POLYMERASEarity of the strand-transfer reaction. Linear duplex sub-
trates were prepared bearing cloned influenza virus
DNAs at the 59-end (A/NWSmp19 cut with NcoI and
coRI), both ends (A/NWSmp19 cut with NcoI), or the
9-end (A/NWSmp19 cut with HindIII) of the duplex minus
trand. These influenza sequences cannot hybridize to
13mp19 plus-stranded phage DNA and thus would be
xpected to selectively inhibit strand-transfer reactions
epending upon which end of the duplex minus strand is
irst annealed to the single-stranded reaction partner
Zhang and Evans, 1993). Although nonhomologous se-
uences did block strand transfer when located on both
nds of the duplex substrate, the presence of these
equences on either of the two different ends had no
nhibitory effect on the yield of joint molecules (data not
hown). The strand-transfer reaction catalyzed by vac-
inia DNA polymerase appears to have no inherent po-
arity.
oint molecules are more easily detected in the
resence of spermidine
The ability to detect strand-transfer products was im-
roved by the addition of low concentrations of spermi-
ine HCl (compare Fig. 3B, lanes 4 and 11). We typically
sed 5 mM spermidine, although titration experiments
uggested that further slight improvements could be
btained at 10 mM concentration (Fig. 4). Spermidine did
ot markedly increase the yield of joint molecules, it
mproved the ability to detect joint molecules by reducing
heir size heterogeneity. To illustrate this, the gel shown
n Fig. 4 was subjected to densitometric analysis while
aking care to include blurred DNA signals in the peak
ntegrations. The yield of joint molecules remained es-
entially constant at 17 6 2% of the input DNA from 0 to
0 mM spermidine (Fig. 4, inset). Coincidentally, the ad-
ition of spermidine improved the stability of the ssDNA
ubstrate as evidenced by a sharper pattern of migration
t higher spermidine concentrations. The effect of sper-
idine was not specific to this compound and probably
elated to its capacity to coat and aggregate DNAs.
imilar effects were noted using nonphysiological Mg12
oncentrations (20–40 mM), DNA binding proteins, and
nother polyamine. Figure 5 illustrates the effects of
eplacing spermidine with either E. coli single-strand
NA binding protein or spermine HCl. Joint molecules
ere again more easily detected when single-strand
NA binding protein was added to concentrations of
6–133 mg/ml (Fig. 5, lanes 4 and 5) or spermine to 1 mM
lane 6). Concentrations of spermine in excess of 1 mM
trongly inhibited the reaction (Fig. 5, lanes 7–9).
oint molecule formation requires stoichiometric
uantities of DNA polymerase
Does vaccinia DNA polymerase produce joint mole-
ules in a catalytic manner? To address this question,trand-transfer reactions were prepared containing a
ixed quantity of DNA substrate and 27–540 ng of vac-
inia DNA polymerase. After permitting sufficient time for
he reactions to reach a reaction limit (20 min), the
roducts were then fractionated by gel electrophoresis.
ensitometric scans of the resulting gel suggested that
he yield of joint molecules is determined by the enzyme-
ubstrate ratio and that beyond a ratio of ;2 DNA poly-
erase molecules per double-stranded end no further
ncrease in the yield of joint molecules can be expected
Fig. 6). In practice, the true ratio of DNA polymerase to
NA ends in these experiments is likely lower than two
ecause the fraction of inactive molecules in an enzyme
reparation is unknown and can be difficult to establish.
owever, we can estimate the fraction of molecules
apable of promoting strand exchange in our enzyme
reparations using the polymerase specific activity if it is
ssumed that the maximal-attainable specific activity
epresents a situation where all of the protein molecules
re catalytically active. [We must also assume that the
ates of inactivation of the polymerase and strand-
xchange activities are about equal. This appears to be
pproximately true, but one must bear in mind the fact
hat these parameters are difficult to compare given the
FIG. 5. Effect of single-strand DNA binding protein and spermine on
oint molecule formation. The 5 mM spermidine in standard reactions
lane 1) was replaced by E. coli single-strand DNA binding protein
lanes 2–5) or 1–10 mM spermine (lanes 6–9).
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516 WILLER ET AL.rofound differences in the kinetic properties of these
wo activities (see below, Fig. 7).] The most highly puri-
ied fractions of freshly prepared vaccinia DNA polymer-
se exhibit a specific activity between 2500 and 3020
/mg (this work; McDonald and Traktman, 1994) al-
hough when the experiment shown in Fig. 6 was per-
ormed, the specific activity of the enzyme fraction had
eclined to 1100 U/mg on storage. Therefore ;40%
1100/2760) of the molecules were still active after sev-
ral months of storage at 220°. If this correction is
pplied to the results shown in Fig. 6, then maximal
trand-transfer efficiency occurs when the ratio of cata-
ytically active polymerase molecules to double-stranded
NA ends probably lies between 0.5 and 1.
trand-transfer reactions require catalytically active
olymerase molecules
To further examine the link between the DNA polymer-
se and strand-transfer activity, we investigated what
ffect a heat inactivation step has on the ability of the
nzyme to catalyze both types of enzyme-promoted re-
ctions. Nucleotide incorporation assays were used to
onitor the integrity of both the polymerase and 39–59
xonuclease activities, which have been previously
hown to display identical thermal-inactivation curves at
5°C (Challberg and Englund, 1979). This experiment is
omplicated by the fact that strand-transfer reactions are
ot linearly proportional to the quantity of added poly-
erase protein (Fig. 6), whereas nucleotide incorpora-
FIG. 6. Effect of enzyme-substrate stoichiometry on the yield of joint
olecules. Standard reactions were prepared containing varying con-
entrations of vaccinia DNA polymerase and fixed concentrations of
ingle- and double-stranded DNA substrates. After 20 min at 30°C, the
ield of joint molecules was determined by agarose gel electrophoresis
inset) and densitometry.ion kinetics are proportional to the amount of added
rotein under a fairly wide range of reaction conditions
data not shown). It is impossible to avoid this problem
ntirely; however, we can reduce the error by assaying
he enzyme under conditions where a small decline in
he amount of active enzyme does elicit a significant
ecrease in the yield of joint molecules (Fig. 6). This
nsures that strand-transfer activity is roughly propor-
ional to the quantity of active protein over at least a
arrow window of enzyme concentrations. The results of
his experiment are shown in Fig. 7 in which both activ-
ties can be seen to decrease following similar inactiva-
ion curves at 46°. This result suggests that strand trans-
er requires catalytically active polymerase molecules,
lthough we cannot from these data determine whether
trand exchange requires the polymerase and/or the
9–59 exonuclease activities.
eaction products exhibit displaced strands
Strand-transfer reactions are expected to produce
oint molecules bearing displaced single strands (Fig.
A), whereas annealing of complementary DNAs ex-
osed by exonucleolytic attack does not. Gel assays
annot differentiate these two possible reaction products
ecause they possess identical electrophoretic proper-
ies. To avoid this difficulty, we recovered the joint mol-
cules from agarose gels and examined the structure in
FIG. 7. Heat inactivation of DNA polymerase and strand-transfer
ctivities. A vial containing 70 ml of purified polymerase was heated at
6°C in storage buffer. Aliquots (6 ml) were removed at the indicated
imes and placed on ice. At the end of 80 min, the samples were
ssayed for strand exchange activity (2.5 ml) and [a-32P] dCTP incor-
oration activity (three replicates of 1 ml each) as described under
aterials and Methods. The results were normalized relative to the
mount of activity detected in unheated samples. DNA polymerase
ctivity (E), strand exchange activity (F).
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517VACCINIA VIRUS DNA POLYMERASEhe electron microscope. Although some of the mole-
ules were too complex or tangled to provide insights
nto their origin, most of the simple joint molecules
ormed in vitro by vaccinia DNA polymerase appeared as
‘a-forms’’ in Kleinschmidt DNA spreads (Fig. 8). This is
he product that is expected to be formed when a DNA
trand is displaced from the linear duplex substrate
uring hybrid DNA formation. Close inspection of these
tructures suggests that the shorter displaced strand is
ingle-stranded (as judged by the thinner and more
‘kinked’’ appearance) and that a stretch of double-
tranded DNA of roughly comparable length has been
ormed on the circular molecule (Fig. 8). Because previ-
FIG. 8. Electron microscopic analysis of joint molecules formed by v
nd visualized using the Kleinschmidt method. Well-isolated molecule
trands (A–C). Panels a–c show interpretive tracings of these molec
ouble-stranded.us studies have shown that these EM preparation tech-
iques do not interconvert s- and a-forms (Zhang and
vans, 1995), we concluded that vaccinia DNA polymer-
se promotes joint molecule formation and strand-
ransfer reactions in vitro.
trand-transfer activity is absent in vaccinia strain
ts42-infected cells
Vaccinia strand-exchange protein is easily detected
hen virus-infected HeLa-cell extracts are partially puri-
ied by DNA–cellulose affinity chromatography (Zhang
nd Evans, 1993). What is the relationship between the
DNA polymerase. Joint molecules were extracted from agarose gels
ayed a typical a-form appearance, due to the presence of displaced
icker lines represent regions of the molecules which appear to beaccinia
s displ
ules. Th
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518 WILLER ET AL.‘strand-exchange protein’’ and the strand-transfer reac-
ion catalyzed by vaccinia DNA polymerase? To examine
his question, duplicate cultures of HeLa cells were in-
ected at a m.o.i. of 15 with either wild-type virus or Cts42
utant virus. The cultures were incubated at the permis-
ive temperature of 32°C for 5.5 h, cell extracts were
repared and chromatographed through DNA-cellulose,
nd the resulting column fractions assayed for strand-
xchange activity. These manipulations were all per-
ormed in parallel so that the enzyme activity and protein
rofiles obtained using wild-type extracts could be used
o guide the fractionation of mutant extracts. Although
trand-transfer/exchange activity was readily detected in
ild-type extracts, no such activity was detected in the
xtracts obtained from Cts42-infected cells even when
ssayed at the permissive temperature (Fig. 9). Also
oteworthy by its absence was the powerful single-
trand exonuclease always found in preparations of
ighly purified vaccinia DNA polymerase (Fig. 4). We
ave never been able to reproducibly recover an induced
olymerase activity from Cts42-infected cell extracts,
uggesting that the mutation renders the protein highly
ensitive to the denaturing forces encountered during
rotein purification. However, Western blots readily
etected polymerase antigen in the extracts prepared
rom Cts42-infected cells, thus showing that the inactive
FIG. 9. Strand-transfer activity catalyzed by partially purified vaccinia
irus proteins. Extracts were prepared from HeLa cells infected with
ither wild-type or Cts42-mutant viruses and purified in parallel as
escribed under Materials and Methods. Viral proteins were stepped
ff duplicate DNA-cellulose columns with a buffer containing 0.7 M
aCl, dialyzed, and different quantities of protein assayed for activity
0.0, 0.75, 2.0, or 5 mg per standard reaction). Marker lanes contained
indIII-cut phage lambda DNA (lane 1) and a strand-transfer control
lane 2).rotein was still present in quantities identical to the
ild-type protein (data not shown). We concluded that
accinia strand-exchange activity is destabilized and in-
ctivated by the Cts42 mutation in vaccinia DNA poly-
erase.
DISCUSSION
oxviral recombination in vivo
Our transfection studies confirm previous reports
howing that there is a close linkage between poxviral
NA replication and recombination, with deficiencies in
ne system negatively affecting the other (Merchlinsky,
989; reviewed in Condit and Niles, 1990). For example,
e observed that across a broad range of permissive
emperatures, Cts42-infected cells produced recombi-
ant transcription units at 70–80% of the wild-type levels
hile replicating transcribable DNA at ;70% of wild-type
evels (Fig. 1). These results are nearly identical to those
eported by Colinas et al., (1990) using a slightly different
acZ reporter system and a Cts42 virus growing at 32°.
e chose Cts42-bearing viral mutants for particular scru-
iny because it had been suggested that this was one of
he few poxviral mutations where a link between repli-
ation and recombination might be separable under
ome growth conditions. However, we found no evi-
ence to support the claim that recombinants disappear
hile extrachromosomal replication persists in Cts42-
nfected cells at nonpermissive temperatures (Colinas et
l., 1990). We found that the yield of recombinant tran-
cription units decreased to a value not significantly
ifferent from zero when Cts42-infected cells were cul-
ured at 39.5–40°C (Fig. 1). This was exactly what had
een shown previously using Southern blots (Merchlin-
ky, 1989) and lacZ reporter genes (Colinas et al., 1990).
ut as Merchlinsky has previously reported (1989), and in
ontradiction to the results of Colinas et al., (1990), we
ould not detect plasmid replication under such condi-
ions either by b-galactosidase activity measurements
using a p7.5K-regulated lacZ reporter plasmid) or South-
rn blot analysis. Our data reexamine the claim that
here exists an inextricable linkage between replication
nd recombination in poxvirus-infected cells (Merchlin-
ky, 1989).
The lack of recombinant production in the absence of
NA replication can be interpreted two different ways.
irst, replicative gene products might just copy and sta-
ilize DNA which is actually recombined by other pro-
eins. Thus the failure to detect recombinants could be
n artifact resulting from the inability to detect anything
ther than the original unreplicated parental DNAs in
eplication-blocked infections. Alternatively, the replica-
ive process is inherently recombinogenic, so when rep-
ication is blocked by drugs or mutations, one sees a
oincident block to recombination. Our DNA transfection
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519VACCINIA VIRUS DNA POLYMERASEata (Fig. 1) clearly illustrates this long-standing problem
n viral genetics.
To date, these and other correlative data collectively
upport the hypothesis that poxvirus-mediated DNA rep-
ication is inherently recombinogenic. For example, a
0% reduction in the amount of DNA synthesized at
ermissive temperatures correlated with a comparable
eduction in the recombinant yield (Fig. 1). There was
lso a close association between the estimated number
f exchanges per transfected genome and the net-fold
ynthesis of replicated molecules in Shope fibroma vi-
us-infected cells (Fisher et al., 1991). Finally Southern
lotting has shown that appropriate concentrations of
hosphonoacetic acid can also partially suppress re-
ombination of transfected plasmids while similarly sup-
ressing plasmid DNA replication (Evans et al., 1988).
hese semiquantitative correlations between replication
evels and recombination frequencies are expected if
ach round of replication was linked to a certain likeli-
ood of recombinant formation. But there is no obvious
eason why such correlations should occur if poxviral
NA replication simply stabilizes the recombinant mol-
cules being produced by other proteins.
accinia DNA polymerase promotes strand-transfer
eactions
Although poxviral recombination reactions are inti-
ately linked to replicative processes, the identity of the
ecombinase(s) is/are unknown. Yet two lines of evi-
ence suggest that the DNA polymerase may be more
han a passive participant in this reaction. First, condi-
ional mutations in the viral DNA polymerase have a
rofound effect on recombination frequencies (Fig. 1;
erchlinsky, 1989; Colinas et al., 1990). Furthermore an-
ther viral polymerase, HIV-1 reverse transcriptase, cat-
lyzes DNA strand-transfer reactions while converting
iral RNAs into double-stranded proviral DNA (Peliska
nd Benkovic, 1992). Because we had previously discov-
red vaccinia DNA polymerase in a protein fraction
hich catalyzed DNA strand transfer (Zhang and Evans,
993), we examined whether pure vaccinia DNA poly-
erase might be the responsible protein. Strand-transfer
eactions play a key role in most models for genetic
ecombination and provide a simple mechanism for pro-
ucing the heteroduplex molecules that form in abun-
ance, in transfected cells, early in poxvirus growth cy-
les (Fisher et al., 1991). Our in vitro experiments showed
hat vaccinia polymerase can promote strand-transfer
eactions (Fig. 3). They also showed that heat co-
nactivates the DNA polymerase and strand-exchange
ctivities of highly purified wild-type protein (Fig. 7) and
hat a temperature-sensitive polymerase mutation can
estabilize the protein promoting strand-exchange reac-
ions in partially-fractionated vaccinia extracts (Fig. 9).
ogether these experiments clearly show that vacciniaNA polymerase can catalyze DNA strand transfer. They
lso strongly suggest that the activity we originally called
SEP is vaccinia DNA polymerase (Zhang and Evans,
993).
Whether vSEP really is vaccinia DNA polymerase still
equires further study. DNA polymerase activity copuri-
ied with strand-transfer activity through seven purifica-
ion steps and showed the same expression kinetics as
SEP (Zhang and Evans, 1993). Nevertheless we had
reviously discounted the possibility that these activities
ere expressed by the same protein on the grounds that
he final column fractions showed an imperfect associ-
tion between strand-exchange and polymerase activi-
ies. A reexamination of these data discovered that vSEP-
ontaining fractions also contained variable concentra-
ions of a 31- to 34-KDa protein, which we now know to
e vaccinia single-strand DNA binding protein (gpI3L).
he presence of gpI3L readily explains the poor corre-
ation between polymerase and vSEP activities because
ecent experiments have shown that gpI3L can substi-
ute for spermidine or E. coli ssDNA binding protein in
trand-transfer assays and thus improve the ability to
etect joint molecule formation in the presence of the
ow concentrations of DNA polymerase (M. Tseng, D. O.
iller, and D. H. Evans, manuscript in preparation). Su-
erficially similar effects have been noted using other
trand transferases in combination with homologous or
eterologous DNA binding proteins (Alani et al., 1992;
ung, 1997). What primarily complicates efforts to identify
he gene(s) encoding vSEP is the fact that vSEP clearly
romoted a polar strand-transfer reaction (Zhang and
vans, 1993), while pure vaccinia DNA polymerase does
ot. It is true that the polarity of strand-transfer reactions
an be altered by enzymatic contaminants (Bedale et al.,
993), but we have yet to identify reaction conditions that
mpose a polarity on polymerase-mediated strand-trans-
er reactions. Even though the instability of the strand-
xchange activity in cells infected with Cts42 mutant
iruses provides a compelling link between vSEP and
NA polymerase, we cannot conclusively identify vSEP
s DNA polymerase until this enzymological discrepancy
as been resolved.
eaction properties and potential mechanism
How might vaccinia DNA polymerase promote joint
olecule formation? Even though the pure protein can
romote joint molecule formation, it is clear that the
eaction products are more readily detected if they are
ormed in the presence of DNA aggregating agents.
esides spermidine (Fig. 4) and vaccinia virus single-
trand DNA binding protein, these compounds also in-
luded high magnesium concentrations, spermine, and
. coli single-strand DNA binding protein (Fig. 5). Most of
hese agents coincidentally inhibited a powerful single-
trand specific exonuclease encoded by vaccinia DNA
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520 WILLER ET AL.olymerase (Challberg and Englund, 1979), but the fact
hat there was no simple correlation between exonucle-
se activity and the yield of joint molecules (Fig. 4)
uggested that high levels of exonuclease activity are
ot essential for strand transfer. Rather these agents
aused joint molecules to electrophorese as a sharper
ands, thus facilitating their detection.
Regardless of how these stimulatory agents might
ork, their discovery suggests that care must be taken
ot to draw too many mechanistic conclusions from
xperiments conducted using a highly purified and over-
xpressed form of vaccinia DNA polymerase. We are
robably detecting only one aspect of an activity that
ight appear quite different were it to be assayed using
native DNA polymerase complexed with endogenous
pI3L or other vaccinia proteins. At present, the low
evels of vaccinia DNA polymerase found in cells in-
ected with ordinary viruses precludes isolating such
ative viral ‘‘recombination complexes.’’ However, using
ecombinant viral proteins we may eventually be able to
ncorporate putative components of such complexes into
eactions containing vaccinia DNA polymerase and thus
nvestigate the effects on strand-transfer reactions.
The simplest explanation for how DNA polymerase
ight alone catalyze this reaction is that joint molecules
re formed when the 39–59 exonuclease attacks the ends
f double-stranded substrates in the presence of a com-
lementary DNA. This would permit hybridization be-
ween the exposed bases on the double-stranded DNA
nd on the single-stranded partner. Unfortunately this
imple mechanism cannot fully explain all of the reaction
roperties because such exonuclease-mediated recom-
ination reactions would not be expected to generate the
isplaced strands seen in Fig. 8. Nor are they expected
o show the peculiar stoichiometry, polarity, and reaction
imits characteristic of reactions driven by vaccinia DNA
olymerase (Fig. 6).
Studies involving ATP-independent strand trans-
erases suggest two other possible mechanisms. These
roteins are thought to promote joint molecule formation
y either condensing the reaction partners and stabiliz-
ng transient joints or by preferentially binding to and
tabilizing the products of a strand-transfer reaction.
erpes simplex virus ICP8 (Bortner et al., 1993) and
hage l b protein (Li et al., 1998) catalyze examples of
hese two distinct processes. Titration of vaccinia DNA
olymerase suggested that the protein is acting in a
oncatalytic manner to promote joint molecule formation
Fig. 6) and perhaps assist branch migration (Fig. 8). A
imple way to accomplish this task, considering these
wo possible mechanisms, might involve the polymerase
tabilizing a ternary complex containing single- and dou-
le-stranded molecules bound together by protein at a
egion of sequence complementarity. Studies with other
TP-independent recombinases suggest that limited ex-
nuclease activity may play a role in this process al-hough we cannot confirm this at present (Lowenhaupt et
l., 1989; Johnson and Kolodner, 1991; Bortner et al.,
993). If some limited digestion of the linear duplex by
he 39–59 exonuclease was required to facilitate protein
inding, this might account for the short delay in the
roduction of joint molecules (Fig. 3), for the requirement
or catalytically active enzyme (Fig. 7), and for the fact
hat a specific inhibitor of this type of polymerase-
ssociated activity (dideoxynucleoside triphosphates)
lso inhibited strand exchange. Once formed, the three-
tranded joints could branch migrate and although this
ormally involves a slow random walk in the presence of
agnesium, a bound protein molecule could act as a
arrier to diffusion of the junction off the end of the DNA
nd thus stabilize the joint.
he consequences of a biochemical link between
eplication and recombination
In conclusion we have shown that a genetic linkage
etween DNA replication and genetic recombination co-
ncides with a biochemical demonstration that vaccinia
NA polymerase promotes a step in genetic recombina-
ion. It is interesting that while this strand-transfer assay
as designed to detect a recombination reaction, this
rocess might also be viewed as a strand-priming reac-
ion because some of the joint molecules will bear 39
nds annealed to a single-stranded template (Zhang and
vans, 1993). Such 39-ended duplexes would serve as
rimers for DNA replication and thus explain how pox-
iruses might initiate multiple rounds of DNA synthesis
ithout encoding a DNA primase. These end-invasion
eactions would be an especially attractive way of prim-
ng the origin-independent replication of DNA trans-
ected into poxvirus-infected cells (DeLange and McFad-
en, 1986) because as long as two homologous DNAs
re transfected into a cell, one randomly broken end
ight be all that is needed to prime DNA synthesis off of
he homolog. If recombination reactions really are used
y poxviruses to initiate DNA replication, it would also
xplain why screens for poxviral recombination mutants
ave been unsuccessful (Ball, 1987) and why the only
nown conditional recombination mutations map to ‘‘fast-
top’’ replication functions.
MATERIALS AND METHODS
aterials
Toyopearl DEAE-resin, P-11 phosphocellulose, ce-
amic hydroxyapatite, and HiTrap heparin columns were
urchased from Supelco, Whatman, American Interna-
ional Chemical, and Pharmacia respectively. Form I
13mp19 DNA was extracted from E. coli JM105 cells
nd centrifuged to equilibrium in CsCl-ethidium bromide
ensity gradients. Linear DNA was prepared by treat-
ent with HindIII (New England Biolabs), followed by
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521VACCINIA VIRUS DNA POLYMERASEhenol extraction and ethanol precipitation. Single-
trand M13mp19 viral DNA (ssDNA) was extracted from
sCl-purified phage particles. fX174 DNA was pur-
hased from New England Biolabs. An M13mp19 clone
earing a cDNA clone of an influenza virus matrix protein
ene, inserted in the SmaI site of M13mp19 (A/
WSmp19), was digested with HindIII, NcoI, or NcoI plus
coRI to provide substrates for polarity studies (Zhang
nd Evans, 1993). DNA sequencing confirmed the iden-
ity of the M13 DNAs. SDS–PAGE standards and silver
taining kits were purchased from Bio-Rad Laboratories.
ltrapure formamide was obtained from ICN Pharmaceu-
icals and stored under argon.
ell and virus culture
BSC-40 cells were originally obtained from Dr. E. Niles
SUNY, Buffalo) and grown at 37°C in DMEM (Gibco BRL)
upplemented with 1% nonessential amino acids and 5%
etal calf serum in 5% CO2. HeLa cells were propagated
n spinner flasks as described previously (Zhang and
vans, 1993). Vaccinia virus (WR) was purchased from
he ATCC, and the Cts42 mutant strain (Condit et al.,
983) was obtained from Dr. R. Condit (University of
lorida, Gainsville). Dr. P. Traktman (Medical College of
isconsin, Milwaukee) kindly provided the recombinant
accinia viruses vTF 7.5 and vTMDNA Pol (McDonald
nd Traktman, 1994) and a polyclonal antibody to vac-
inia DNA polymerase.
ransfection-based recombination assay
Plasmids encoding an intact firefly luciferase expres-
ion construct (pRP406), 39 and 59 luciferase gene dele-
ions (pRP406D and pRP403D, respectively), and a b-ga-
actosidase expression control (pRP7.5lacZ) are de-
cribed elsewhere along with the transfection and assay
rotocols (Parks et al., 1998). Briefly, BSC-40 cells were
rown to near confluency on 60-mm2 dishes and infected
ith vaccinia strains WR or Cts42 WR, at a m.o.i. of 1, for
h at 20°C. Fresh media was added and the cells were
ncubated at 30°C for 1 h. Calcium phosphate precipi-
ates containing 50 ng of pRP7.5lacZ plus either 50 ng of
RP406 alone or 50 ng each of pRP406D plus pRP403D,
n 0.4 ml were then applied to each dish. The cells were
ncubated at the indicated temperatures (Fig. 1) for an-
ther 2 h, after which the precipitate was replaced with
resh medium and the cells incubated overnight. Lucif-
rase activity was determined using luminometry and a
ommercial kit (Promega) and b-galactosidase activity
y spectrophotometry (Miller, 1972). The luciferase activ-
ty was corrected for variations in transfection and ex-
raction efficiency by normalization against the b-galac-
osidase activity measured in the same cell extracts.
ecombinant frequencies were calculated as described
n the legend to Fig. 1. No correction was applied to
ccount for an undetectable reciprocal recombinationroduct. Although the p11K late promoter regulates lucif-
rase expression, the 0.1–1% residual expression ob-
erved in the absence of DNA replication still permitted
reliable estimate of relative recombinant frequencies.
oreover, identical recombination frequencies were ob-
ained at 30 and 40°C using luciferase reporter con-
tructs regulated by the vaccinia 7.5K promoter (data not
hown).
The relative recombination frequency in Cts42-
nfected cells might be overestimated by this method
ecause we may be underestimating the amount of re-
ombination in wild-type infections. This is because the
aximal detectable recombinant frequency is 25% when
nly one of four possible parental and recombinant prod-
cts encodes a functional reporter gene. The absolute
ecombinant frequency in wild-type infected cells was
2 6 6%, which does not differ significantly from this
pper limit.
NA polymerase purification
DNA polymerase was purified following the method of
cDonald and Traktman (1994). BSC-40 cells were
rown to confluency in 60 150-cm2 dishes, washed, and
o-infected with vTF 7.5 and vTMDNA Pol at a m.o.i. of 2.
he cultures were shifted to 32°C 4 h p.i. and then
arvested 40 h later. The cell pellet was recovered by
entrifugation (2000 g for 5 min at 4°C), washed with
ce-cold saline (10 mM Tris–HCl pH 8.0, 0.15 M NaCl, 5
M EDTA), recentrifuged, and stored at 280°C. This
ellet was later thawed in 15 ml of hypotonic buffer (10
M Tris–HCl pH 8.0, 10 mM KCl, 5 mM EDTA) and then
ncubated on ice for 10 min. Thereafter all manipulations
ere performed at 0–4°C, unless otherwise noted, and
ll buffers adjusted to pH 7.4. The cells were dounce
omogenized and centrifuged at 2000 g for 10 min and
he supernatant put aside. The pellet was resuspended
n hypotonic buffer, homogenized again, and recentri-
uged. The two supernatants were pooled, adjusted to
ontain 125 mM sodium phosphate, 5 mM b-mercapto-
thanol, and 10% (v/v) glycerol and clarified by centrifu-
ation at 30,000 g for 20 min (Fraction I, 31.5 ml). Fraction
was applied to a 5 ml DEAE cellulose column equili-
rated with Buffer A (125 mM sodium phosphate, 5 mM
DTA, 5 mM b-mercaptoethanol, 10% glycerol), eluted
ith Buffer A, and the flow-through retained (Fraction II,
1 ml). Fraction II was applied to a 20-ml column of
hosphocellulose equilibrated with Buffer A lacking
DTA. Bound proteins were eluted with a 60-ml gradient
f 125–400 mM sodium phosphate in Buffer A minus
DTA. Active fractions eluted at 0.2 M sodium phosphate
Fraction III, 11 ml). Fraction III was diluted to 60 mM
odium phosphate and applied at room temperature to a
0 ml 40-mm hydroxyapatite HPLC column equilibrated
ith Buffer B (25 mM potassium phosphate, 5 mM b-ME,
0% glycerol). Bound proteins were eluted with a 60-ml
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522 WILLER ET AL.radient containing 25–400 mM potassium phosphate in
uffer B. Fractions were collected into tubes containing
DTA (1 mM final concentration) on ice, assayed, and the
ctive fractions eluting at 0.1 M potassium phosphate
ooled (Fraction IV, 6.5 ml). Fraction IV was applied to a
-ml heparin column in Buffer B containing 1 mM EDTA.
roteins were eluted with a 40-ml gradient of 25–400 mM
otassium phosphate in Buffer B plus EDTA. Active frac-
ions eluting at 0.24 M potassium phosphate were
ooled and dialyzed into Buffer B containing 50% glycerol
Fraction V, 3.5 ml). The protein purity was determined by
ilver staining of denaturing polyacrylamide gels.
Small amounts of vaccinia DNA polymerase were also
artially purified from 1-L quantities of vaccinia-infected
eLa cells. The cells (109) were infected at a m.o.i. of 15
ith either wild-type or Cts42 viral strains, cultured at
2°C for 5.5 h in the presence of 10 mM hydroxyurea,
xtracted, and the polymerase purified by chromatogra-
hy over small columns of DEAE cellulose (10 ml) and
NA cellulose (5 ml) as described above. Vaccinia DNA
olymerase was detected in these fractions using a
estern blotting kit (ECL, Amersham).
trand transfer and other assays
Strand-transfer assays (30 ml) contained 33 mM
ris–HCl pH 8.3, 20 mM MgCl2, 1.8 mM dithiothreitol,
8 mg/ml acetylated BSA, 1.5 mg of HindIII-linearized
13mp19 DNA, 0.75 mg of M13mp19 viral DNA, 5 mM
permidine z HCl pH 7, and 0.5 mg of vaccinia DNA poly-
erase. In some cases fX174 DNA was substituted for
13 DNA. Reactions were incubated at 30°C for 20 min,
eproteinized, and the reaction products separated on
.8% agarose gels as described previously (Zhang and
vans, 1993). Gels were photographed under UV-
llumination, using Polaroid 665 film, and the DNA distri-
utions estimated by densitometry.
DNA polymerase assays measured the incorporation
f [a-32P] dCTP into an acid-insoluble form. Reactions
100 ml) contained 1 mL of enzyme, 40 mM Tris–HCl pH
.5, 8 mM MgCl2, 8 mM b-mercaptoethanol, 0.1 mg/ml
ctivated calf thymus DNA, 20 mM each of dGTP, dATP,
nd dTTP, and 0.05 mCi [a-32P] dCTP at a specific activity
f 25 Ci/mol. Reactions were incubated at 37°C for 10
in and then precipitated and counted (Evans and Linn,
984). Protein concentrations were determined using a
ye-binding assay (BioRad) and a bovine serum albumin
tandard.
lectron microscopy
The Kleinschmidt method was used to visualize reac-
ion products (Kleinschmidt, 1968; Sommerville and
cheer, 1987). Joint molecules were extracted from aga-
ose gels by the ‘‘freeze-and-squeeze’’ method (Thuring
t al., 1975) and the expressed liquid (;35 ml) diluted to
00 ml with hyperphase solution [0.1 M Tris–HCl pH 8.5,0 mM EDTA, 50% (v/v) ultrapure formamide, 50 mg/ml
ytochrome c]. The DNA was spread onto 50 ml of
ypophase [10 mM Tris–HCl pH 8.5, 1 mM EDTA, 20%
v/v) formamide] and transferred to 400-mesh colloidon-
oated grids (JB EM Services). The grids were stained in
ranyl acetate (50 mM in 90% ethanol), washed with 95%
thanol, and dried. A 10 Å platinum shadow was applied
sing a Balzers 360M evaporator and the DNA imaged
sing a JOEL 100CX transmission electron microscope.
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